Abstract-A new method to control the free spectral range (FSR) of a long-period fiber grating (LPFG) is proposed and theoretically analyzed. As the refractive index decreases radially outward in the silica cladding by graded doping of fluorine, waveguide dispersion in the cladding modes was modified to result in the effective indexes change and subsequently the phase-matching conditions for coupling with the core mode in a LPFG. Enlargement of the FSR in a LPFG was theoretically confirmed.
I. INTRODUCTION
L ONG period gratings (LPGs) have been intensively studied for applications in optical communications and sensor systems due to benefits such as all-fiber configuration, low insertion loss, high flexibility in spectral design, and low cost. LPG devices have been developed in recent years as gain equalizers in erbium-doped fiber amplifiers (EDFAs) for wavelength-division-multiplexing (WDM) systems [1] , bandpass filters, polarizers [2] , demodulators [3] , and sensing elements. In an LPG, a periodic index structure with a pitch of hundreds of microns imposes the phase-matching condition between the fundamental core mode and forward-propagating cladding modes in an optical fiber, as follows: (1) Here, is the grating pitch, and and are the effective index of the core mode and that of the cladding modes, respectively.
Recently the gain bandwidth of optical amplifier is rapidly expanding to fully exploit the bandwidth allowed in silica optical fibers. Examples are thulium-doped fiber amplifier (TDFA) Manuscript for the -band (1450 1490 nm) [4] , fiber Raman amplifier (FRA) for the -band (1490 1530 nm) [5] , as well as a combination of the conventional EDFA for the -band (1530 1570 nm) [6] and the -band (1570 1610 nm) [7] . In spite of continuous development of ultrawide-band amplifiers, an LPG optimized for certain gain equalization filter could induce a high insertion loss in the neighboring gain bands because of the relatively close-spaced resonance peaks of cladding modes. Fig. 1 shows this circumstance: Fig. 1(a) shows a typical LPG's transmission spectrum used as a gain equalization filter in -band EDFA, and Fig. 1(b) shows the same LPGs transmission spectrum in a wider wavelength range. Note that the gain equalization filter optimized for the band incurs additional insertion loss over 10 dB in 1.4 m and 5 dB in 1.3 m due to the closely spaced resonance cladding modes. Thus, the ability to control the free spectral range (FSR) of the resonance peaks in LPGs is in need for novel fiber filters in ultrawide-band optical communication systems.
Recently, attempts to control the FSR of the fiber-based periodic coupling devices have been reported. Locally etching the fiber cladding with an Hydroflouric (HF) acid solution in longperiod fiber gratings (LPFGs) has shown the ability to tune continuously the resonance wavelengths, using the dependence of the propagation constants of the cladding modes on the cladding diameter [8] . Wide resonance peak spacing was also demonstrated by Li et al. in an acoustooptic tunable filter (AOTF) based on the cladding-etched fiber [9] . The etching technique is using conventional optical fiber and the spectral response is modified by the amount of local etching of the cladding. The technique, however, inevitably suffers from mechanical reliability since HF-water solution etched fiber is very vulnerable to micro-crack, which can degrade the fiber tensile strength by orders of magnitude [10] . The etching technique, therefore, requires significantly more stringent and expensive packaging standards than pristine fiber devices. Furthermore, the outer diameter of the fiber should be carefully monitored to meet the desired spectral response and very tight tolerance in diameter variation should be maintained, which hinders mass production of fiber devices. It is, therefore, highly desirable to provide a fundamental solution to synthesize the spectral response of LPG and AOTF using a pristine fiber.
In this study, we propose a new technique to control the FSR of periodically coupling fiber devices using a pristine fiber with a refractive-index modulation in the cladding. Refractive-index modulation could be effectively achieved by synthesis of F-doped sol-gel tubes [11] , cold isostatic pressing (CIP) tubes for a C-band EDFA gain equalization filter in (a) 1500 nm 1600 nm wavelength range and (b) 1200 nm 1600 nm wavelength range. [12] or commercially available Heraeus F500 series tubes. Note that the proposed pristine fiber technique aims at complete obviation of the secondary etching process in the prior arts and removal of deteriorations in device reliability, packaging costs, and mass production caused by HF etching.
The newly proposed method to control the LPG spectrum is based on the waveguide dispersion into cladding modes. In previous studies on LPGs, direct modification of cladding-mode waveguide dispersion and its subsequent effects on the spectra of LPGs have not been fully investigated so far. Recently the material dispersion change of cladding modes by doping transition metals and its impacts on the FSRs in LPG have been reported by the authors [13] . By a proper design of the refractive-index profile, the magnitude of change in the effective indexes of the cladding modes in the proposed fiber could be made large enough to affect the phase-matching conditions for the coupling with the fundamental core mode. The phase-matching conditions will subsequently affect LPG transmission spectra and the FSR. In this study the authors theoretically analyzed the effect of the refractive-index profile of the cladding region on the LPG spectrum and proposed a new technique to enhance the FSR ofthe LPG, for the first time to the best knowledge of authors.
II. NUMERICAL ANALYSIS
The dispersive characteristics of binary silica glass doped with dopants such as GeO and F have been precisely calculated using the Sellmeier equation for given ranges of concentrations [14] . The Sellmeier equation for the refractive index is (2) Sellmeier coefficients, denoted by and , for binary silica doped with GeO and F are summarized in Table I .
In fiber devices such as LPG and fiber acoustooptic filter, the main mechanism to generate a spectral response is the coupling between the fundamental mode ( ) guided through the core and the cladding modes guided through an air-silica multimode waveguide. In the analysis the core was assumed to be germanosilicate glass as in conventional single-mode fibers (SMFs). The refractive index of cladding was assumed to be depressed by gradual doping of fluorine (F) into silica glass to construct triangular and trapezoidal refractive-index profile.
Various technologies have been recently developed for silica tubes aiming for large and economic optical fiber preform fabrications. Sol-gel techniques have been successfully introduced to mass production, and optical fibers have been manufactured using the sol-gel derived tubes [11] . The sol-gel tubes are very versatile in doping additives such as Ge, B, F to vary the index of refraction. Gradient of doping concentration of F have been achieved with diffusion of F [15] , along with stepwise sintering processing. As an alternative, CIP has been reported where silica particle are mechanically shaped in a very high hydrostatic pressure [13] . The technique starts from forming a porous silica body and,similar to the sol-process, doping of index modifying additives are easily adopted,sintering the porous body in the precursor gas environment. Other than these techniques there are commercially available F-doped silica tubings, Heraeus F500 series, with various index differences so that stepwise index control in the cladding is readily available. The proposed fiber structure is based on refractive-index modulation of cladding by F-doping and current technologies developed for optical fiber preform claddings could be applied to suffice the desired index structure and make the propose device mass-producible.
In the calculations, the refractive index of air was set 1.0 independent of wavelengths. The mode-field profiles of core and cladding modes could be calculated by finite-difference analysis with inverse power iteration method [16] . With these assumptions, we could calculate the mode-field profiles and intensity distributions of both the core and the cladding modes defined by the proposed fiber structure. The coupling coefficients between them could be calculated by the overlap integral for a given index perturbation.
If we limit the calculation to gratings that consist of perfect circular-symmetric index perturbation in the transverse plane of the fiber, the only nonzero coupling coefficients between the [17] . We will confine the calculation for only 1 cladding modes. The coupled-mode equation that describes interactions in an LPG is given by [16] (3) (4) Here, stands for the induced-index fringe modulation, where . And the coupling constant for core mode and cladding modes and the phase shift, can be expressed as (5) (6) Here, is the normalized induced-index change in the core. and are the amplitudes of the core mode and th cladding modes, respectively. Here, we assumed that the induced-index change was uniform across the core such that was taken out of the overlap integral. By the boundary conditions that are , and , where is the grating length, the transmission through the grating is simply given by . For propagation parameters , the electric fields of core and cladding modes for each boundary could be obtained by numerically solving Maxwell's equation as in [18] .
III. CLADDING-MODE ANLAYSIS
The effective indexes of the first ten cladding modes were calculated for step, triangular, and trapezoidal refractive-index profiles. The waveguide dispersion as well as material dispersion calculated using the Sellmeier equation were taken into account in the numerical analysis. In this study, we modify the refractive-index profile of cladding region from the step waveguide to a triangular or a trapezoidal waveguide, as shown in Fig. 2 , in order to change waveguide dispersion of cladding modes. Note that the core parameters were set similar to those of conventional SMF. In triangular profiles, Fig. 2(a) , the refractive indexes in the cladding linearly decrease to the minimum values 1.454, 1.451, and 1.448. The profiles are designated by the index difference relative to the pure silica clad in conventional step SMF. The refractive-index difference was set by the experimental results where conventional chemical vapor deposition process can achieve with Fluorine containing precursors such as , [19] . In trapezoidal profiles, the refractive index decreases linearly after a certain radial position, the upper pedestal of the trapezoid, in the cladding and the minimum index was set as 1.448, with the index difference of 0.009 relative to the pure silica clad.
By solving the characteristic equations for the guided modes [16] - [18] for different index profiles in Fig. 2 , effective indexes of the first ten cladding modes were numerically evaluated at 1.5 m, and the calculated results are plotted in Fig. 3 . Two significant modifications were observed. First, the effective indexes of the cladding modes decrease by as much as or by a factor of 0.12 referenced to conventional step SMF, for the 0.009 triangular waveguide at the cladding-mode number of 1, as in Fig. 3(a) . And the difference in effective indexes referenced to the step SMF gradually increases for higher order cladding modes. Similar effects were also observed in the trapezoidal waveguides as shown in Fig. 3(b) . Induced change in effective refractive index for both structures is significant enough to change the phase-matching conditions with the core mode. Second, the spacing in the effective indexes between the adjacent modes does increases, which will directly affect the FSR. For example, the effective index spacing between the third and fourth modes increase by as much as a factor over 2, for the 0.009-triangular profile and trapezoidal profile-2. These modifications are attributed to the effects of waveguide dispersion as well as the material dispersion due to fluorine doping. It is, therefore, expected from those observations that the waveguide modification in the cladding indeed modifies the phase-matching conditions, and subsequently the free-spectral range can be controlled. Detailed analysis on the phase matching and spectral response will be discussed in the following section.
The other important aspect in LPG spectrum analysis is the overlap integral between the core mode and the cladding mode, which will determine the strength of the resonant coupling as shown in (5) . After finding mode fields of the fundamental core mode and the first ten cladding modes, the overlap integrals were evaluated at 1.5 m. The results are presented for various Fig. 2(a) , and (b) trapezoidal refractive-index profile, as shown in Fig. 2(b) . Both material dispersion and waveguide dispersion are included in calculations.
index profiles in Fig. 4 . In conventional step-index SMF, the overlap integral, or equivalently the coupling constant , increases in higher order cladding modes and reaches the maximum around the eighth mode, which has been reported in the [16] . In the case of the triangular and the trapezoidal waveguides, however, the overlap integral shows contrasting characteristics. Especially in triangular waveguide, the overlap integral has its maximum at the first cladding mode and decreases in higher order modes. Similarly in trapezoidal profiles, the overlap integral reaches its maximum in a lower order mode than step-index SMF. To explain this feature, mode-field distribution was calculated for step-and triangular-index profile. Fig. 5(a) shows the calculated mode profiles of the first three cladding modes for the step waveguide, and Fig. 5(b) shows the 0.009-triangular waveguide. In the step waveguide, the cladding modes exhibit an oscillatory behavior in the entire radial direction and the intensity near the core increases for higher order modes, as shown in Fig. 5(a) . In the case of the triangular index profile, however, the field is much more confined to the core region for the lower order modes, which contributes to the larger overlap integral in (5).
IV. LPG SPECTRAL ANALYSIS
From (1), the phase-matching grating pitch was calculated as a function of the coupling wavelength and results are shown in Fig. 6 for the first nine cladding modes. The results for the step-index profile are shown in Fig. 6(a) , those for the 0.009-triangular index profile in Fig. 6(b) , and those for the trapezoidal (Trap-2) index profile in Fig. 6(c) , respectively. Compared with the results of the step waveguide, the phase-matching conditions for the triangular and trapezoidal index profiles show significant differences in terms of the slope in the plot of the grating pitch versus the resonance wavelength. The slope is shallower in the triangular and trapezoidal waveguide compared with the step waveguide, which is attributed to the modification of dispersion of cladding modes as indicated in Fig. 3 . Another notable feature is that the spacing between the spectral resonances is significantly wider in the proposed waveguides than that in step waveguide, which directly indicates a wider FSR. The results in Fig. 3 are consistent with the observations in Fig. 6 .
From the phase-matching condition, (1), the resonance wavelength of th order and ( )th-order cladding modes can be expressed as (7) (8) Here, is the effective index of the fundamental core mode( ), and are the effective indexes of th-order ( ), and ( )th-order ( ) cladding modes in step-index cladding fiber, and and are the effective indexes change of th-order and ( )th-order cladding modes due to refractive-index change in the cladding. Using (7) and (8), the wavelength separation between th and ( )th cladding mode, , or equivalently the FSR of an LPG, can be expressed as (9) In order to solve this transcendental equation for the resonance wavelengths and , effective indexes of the first two cladding modes were numerically obtained as shown in Fig. 7 . In this figure, we focused on the first cladding mode where the coupling was set to take place at 1300 nm along with its nearest neighboring second mode for the step and triangular cladding index profiles. Note that in Fig. 7 , both the slopes and the magnitude of the effective indexes did change as a function of degree of the refractive-index suppression or the index differences given from 0.003 to 0.009. Keeping the resonance of first mode at 1300 nm by adjusting grating pitches, the transcendental (9) was numerically solved to obtain the FSR, as a function of the index difference in the triangular profile. The grating pitch for the step-index cladding was set to 470 m. As the cladding index further suppressed from 0.003, 0.006, to 0.009 in the cladding, the grating pitches were varied from 369, 329, and 316 m, respectively (see Fig. 6 for phase-matching conditions). The numerical results on FSRs are shown in Fig. 8 . As the refractive-index difference in the triangular profile, the FSR monotonically increases from 37 to 322 nm, by a factor of 9.
Transmission spectra of LPGs were numerically simulated using the overlap integral equations (5)-(6) for various cladding index profiles. Induced index change was assumed to be uniform over the cross section of fiber core. A uniform step function was assumed for the periodic index grating structure along the core of the fibers in order to simplify numerical analysis. In the grating structurem, radial and angular dependence were not considered. Neither chirping nor apodization were assumed to focus on the waveguide dispersion of cladding modes. A periodic index modulation of a step function with the amplitude of , with the duty cycle of , was assumed along the length of in the core, and numerical values for these parameters are , , and 25.4 mm, similar to previously reported paper [15] . The grating pitch was adjusted as described in the previous paragraph for different refractive-index profile to keep the resonance at 1300 nm. The results of numerical simulation on the LPG transmission spectra are shown in Fig. 9 . By inducing the triangular profile into the clad region, and consequently changing the waveguide dispersion of cladding modes, we could isolate only one cladding mode resonance peak of LPG in the spectral range from 1200 to 1600 nm at the 0.009-triangular waveguide. The FSR was estimated at about 330 nm as shown in Fig. 8 . We, therefore, confirmed that the proposed technique to modify the cladding index profile does control the FSR. Selective flattening of a gain band without incurring insertion loss in the neighboring bands can be achieved using LPGs utilizing the proposed fiber structures.
It is noted that the trapezoidal profile provided multiple resonance couplings in the range 1100-1600 nm with an FSR of less than 200 nm. While in the triangular profile, singular coupling was achieved in the same wavelength range with the maximum FSR of 320 nm. In comparison with prior reports based on etched cladding [8] , [9] , the FSR increased by more than a factor of two in the proposed fiber profile. A novel filtering devices, therefore, could be further designed whose characteristics will be confined only to the wavelength region of interests with negligible crosstalks among adjacent bands using this graded-index cladding technique.
V. CONCLUSION
A new optical fiber structure that modifies the cladding-mode waveguide dispersion was proposed for fiber filters based on coupling between the core and cladding modes. The effects of modification of the refractive-index profile in cladding region on the waveguide dispersion of cladding modes were theoretically analyzed using finite-difference analysis and coupled-mode theory. An effective index decrease of more than 1.7 , or by a factor of 0.12 referenced to step waveguide was theoretically estimated for a triangular waveguide. This change in waveguide dispersion of cladding mode induced significant modification in the phase-matching conditions. By coupling to first symmetric cladding modes, enhancement of the FSR over 300 nm was theoretically predicted, which could be applied for noble fiber filters in ultrawide-band optical communication systems.
